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ABSTRACT: It is shown that in the phenomenologically realistic supersymmetric B − L MSSM
theory, a linear combination of the neutral, up Higgs field with the third family left-and right-handed
sneutrinos can play the role of the cosmological inflaton. Assuming that supersymmetry is softly
broken at a mass scale of order 1013 GeV, the potential energy associated with this field allows for
60 e-foldings of inflation with the cosmological parameters being consistent with all Planck2015
data. The theory does not require any non-standard coupling to gravity and the physical fields are
all sub-Planckian during the inflationary epoch. It will be shown that there is a “robust” set of initial
conditions which, in addition to satisfying the Planck data, simultaneously are consistent with all
present LHC phenomenological requirements.
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2I. INTRODUCTION
In a series of papers [1–10], it was shown that a phenomenologically realistic N=1 supersymmetric
theory–the B − L MSSM–can emerge as the low energy limit of the observable sector of a class of vacua
of heterotic M-theory [11, 12]. Below the GUT compactification scale of order 3 × 1016 GeV, this theory
has exactly the spectrum of the MSSM with three right-handed neutrino chiral multiplets, one per family,
and gauge group SU(3)C × SU(2)L × U(1)Y × U(1)B−L. It is only the gauged U(1)B−L symmetry that
differentiates this theory from the MSSM; hence the name B − L MSSM. In the analyses presented in [1–
10], spacetime was taken to be flat and all superfields had canonically normalized kinetic energy. Without
specifying their origin, it was assumed that supersymmetry (SUSY) was broken by the complete set of
soft SUSY breaking operators [13]. All renormalization group equations (RGEs) were then presented and
solved, subject to a statistical scan over a selected region of initial SUSY breaking parameter space. For soft
SUSY breaking mass parameters of order 1 − 10 TeV, it was shown that all low energy phenomenological
requirements–that is, breaking B − L and electroweak (EW) symmetry at appropriate values, satisfying
all lower bounds on sparticles masses and giving the lightest neutral Higgs mass to be ∼125 GeV–were
obtained for a robust set of points in the initial parameter space. An important assumption in the above
analysis is that the masses of all geometrical and vector bundle moduli are sufficiently heavy to be integrated
out of the effective theory.
In this paper, we again consider the B − L MSSM theory; not, however, focussing on its realistic low
energy phenomenology but, rather, as a possible natural framework for a theory of inflation satisfying all
recent Planck2015 bounds [14]. To do this, we must begin by coupling the theory to N = 1 supergravity.
Recall that the B−L MSSM arises as the observable sector of a specific set of vacua of heterotic M-theory
[1]. The coupling of the four-dimensional observable sector of a generic M-theory compactification was
carried out in [15]. This result is easily used to determine the explicit Lagrangian for the B − L MSSM
coupled to N=1 supergravity. The results are the following.
First, in the limit that the reduced Planck mass MP →∞, the resulting theory is precisely the spectrum
and Lagrangian of the flat space B − L MSSM–with an important addition. The compactification from
eleven to four-dimensions potentially introduces “moduli” fields into the low energy theory. These corre-
spond to the geometrical moduli of the Calabi-Yau threefold, the one geometrical radial modulus of the
S1/Z2 orbifold and the moduli of the SU(4) vector bundle [16–19]. It is expected that all moduli develop
a non-perturbative potential energy which fixes their vacuum expectation values (VEVs) and gives them
mass. In this paper, we will assume that–with the exception of the two complex “universal” geometrical
moduli– all of them are sufficiently heavy that they will not appear in the low energy theory. The real parts
3of the two universal moduli are the “breathing” modes of the CY and the orbifold respectively, and are
formally defined to be the a(x) and c(x) fields in the eleven-dimensional metric
ds2 = gµνdx
µdxν + e2a(x)ΩABdx
AdxB + e2c(x)(dx11)2 . (1)
In the MP →∞ limit, these universal moduli, although less massive, “decouple” from ordinary matter and
can be ignored. However, for finiteMP this is no longer the case, and they must be included when we couple
the B − L MSSM to supergravity. Specifically, when the B − L MSSM is coupled to N = 1 supergravity
to order κ2/3 in heterotic M-theory, the Ka¨hler potential for the complex scalar fields is modified to become
K = −ln(S + S¯)− 3 ln(T + T¯ −
∑
i
|Ci|2
M2P
) , (2)
where the sum is over all complex scalar matter fields Ci in the B − L MSSM and
S = e6a + i
√
2σ , T = e2cˆ + i
√
2χ+
1
2
∑
i
|Ci|2
M2P
(3)
with cˆ = c+ 2a. The σ and χ fields arise as the duals of specific forms and are required by supersymmetry
to extend a and c to the complex fields S and T respectively. The fact that the second term in (2) is a
logarithm of a specific type will play a fundamental role in our analysis. Hence, it is important to note that
both the Ka¨hler potential K in (2), as well as the specific field definitions given in (3), are identical to those
found by Witten [20] within the context of the weakly coupled heterotic string. In addition, it was shown
by a number of authors [21–23] that the off-shell structure of the N = 1 supergravity multiplet arising in
heterotic string theory should be that of so-called “new minimal” supergravity. In [24], it was demonstrated
that Ka¨hler potentials of the above logarithmic form are consistent with this requirement. The form of (2)
has previously arisen in so-called “no-scale” supergravity models as discussed in [25–27]. Finally, we find
that to order κ2/3 in heterotic M-theory, the gauge kinetic function in the observable sector is given by
f = S . (4)
As with the Ka¨hler potential, this form of the gauge kinetic function f is identical to that found in the
weakly coupled heterotic string and is consistent with coupling to new minimal supergravity. Henceforth,
unless otherwise specified, we will work in units in which MP = 1.
Inserting the above expressions for K and f , as well as the superpotential W for the B − L MSSM
[6], into the canonical expression for the Lagrangian of N = 1 matter/gauge fields coupled to supergravity
[15], explicitly realizes our goal of coupling the B − L MSSM theory to N = 1 supergravity. Using this
Lagrangian, we begin our analysis of theB−LMSSM as a potential framework for cosmological inflation.
We first note that the moduli fields S and T , although appearing in the expressions forK and f , are assumed
4to have constant VEVs. One can then show that by appropriate rescaling of all matter fields, as well as all
coupling parameters, that is, setting
C ′i =
( 3
T + T¯
)1/2
Ci , g
′
a =
( 2
S + S¯
)1/2
ga , for a = 3, 2, 3R,BL
′ , (5)
the S and T constants can be completely eliminated from the effective Lagrangian. Henceforth, we will
drop the prime on all fields and couplings. It follows that the form of the effective Lagrangian is unaltered,
but that the Ka¨hler potential and the gauge kinetic function are now given by
K = −3 ln(1−
∑
i
|Ci|2
3
) , f = 1 . (6)
Recalling that the matter kinetic energy terms in the Lagrangian are
−Kij¯∂µCi∂µC j¯ , (7)
it follows from (6) that for small values of the fields Ci the kinetic terms do not mix and are all canonically
normalized. This is no longer true, however, for field values approaching the Planck scale. We continue
by analyzing the remaining parts of the Lagrangian. To begin, we find that the pure gravitational action is
simply given by
−1
2
∫
M4
√−gR . (8)
That is, in this analysis
• The pure gravitational action is canonical. We do not require any “non-canonical” coupling of
matter to the curvature tensor R.
Now consider the potential energy terms for the matter fields in the effective Lagrangian. These break into
three types. The supersymmetric F-term and D-term potentials are given by
VF = e
K
(
Kij¯DiWDj¯W − 3|W |2
)
, VD =
1
2
∑
a
D2a (9)
respectively, where W is the B − L MSSM superpotential [6], the Da, a = 3, 2, 3R,BL′ functions are
Dra = −ga
∂K
∂Ci
[T r(a)]i
jCj =
ga(
1− 13
∑
i |Ci|2
)Dr(a) , Dr(a) = −Ci[T r(a)]i jCj (10)
and T r(a), r = 1, . . . ,dim Ga are the the generators of the group Ga. For the B − L MSSM we find
−Dr(3) = (uR,f)m[Λr]m n(uR,f)n + (dR,f)m[Λr]m n(dR,f)n
+(uL,f)
m[Λr]m
n(uL,f)n + (dL,f)
m[Λr]m
n(dL,f)n , (11)
5−Dr(2) = (Hu)k[τ r]k l(Hu)l + (Hd)k[τ r]k l(Hd)l + (Qf)k[τ r]k l(Qf)l + (Lf)k[τ r]k l(Lf)l , (12)
−D(3R) = 12
(|H+u |2 + |H0u|2 − |H0d |2 − |H−d |2)
−12 |νR,f |2 + 12 |eR,f |2 − 12 |uR,f |2 + 12 |dR,f |2 , (13)
−D(BL′) = −|νL,f |2 − |eL,f |2 + 13 |uL,f |2 + 13 |dL,f |2
+|νR,f |2 + |eR,f |2 − 13 |uR,f |2 − 13 |dR,f |2. (14)
The subscript f = 1, 2, 3 labels the families, the matrices Λr and τ r are the generators of SU(3)C and
SU(2)L respectively, while m,n, are color indices and k, l are SU(2) indices. In addition, there is a soft
supersymmetry breaking potential given by
Vsoft = (m
2
Qf
|Qf |2 +m2uR,f |uR,f |2 +m2dR,f |dR,f |2 +m2Lf |Lf |2 +m2νR,f |νR,f |2
+m2eR,f |eR,f |2) +m2Hu |Hu|2 +m2H¯d |Hd|
2 + (bHuHd + h.c.) + . . . , (15)
where, for simplicity, we have not shown the cubic scalar terms. Suffice it to say that we assume that each
of their dimensionful coefficients is proportional to the associated Yukawa coupling. In all three potentials,
the sum over families is implicit.
It is possible to find solutions for which the D-term potential VD vanishes, the so-called “D-flat” di-
rections. Such a solution will be central to the construction of our inflationary potential. In this paper, to
satisfy the D-flatness condition, we restrict ourselves to fields that are not charged under SU(3)C or under
U(1)EM . Hence, we are naturally lead to the field space configuration
H0u = νR,3 = νL,3 , (16)
with all other fields set to zero. We note that only in a model containing right-handed neutrino superfields,
such as the B − L MSSM, would such a D-flat direction arise.
Our neutral D-flat direction can be enhanced by the inclusion of the H0d field. Consider the region of the
field space defined by the equation√
(1− β2)H0d = β
√
(1− β2)H0u = βν3,L = βν3,R. (17)
This equation defines a one-parameter family of D-flat directions. For β = 0, this region gives us the
field direction given by equation (16), with H0d = 0. For β = 1, we retrieve the D-flat direction given by
H0d = H
0
u, with ν3,R = ν3,L = 0.
By using the D-flat direction H0d = H
0
u, we can repeat our above construction of the inflation potential
with essentially identical results. An alternative inflation scenario using this direction was carried out in
[28, 29].
6II. INFLATION
A. Inflationary potential
From our preferred D-flat direction (16), we construct an inflationary potential as follows. First, define
three new fields φi, i = 1, 2, 3 using
H0u =
1√
3
(φ1 − φ2 − φ3) ,
νL,3 =
1√
3
φ1 +
(
1
2 +
1
2
√
3
)
φ2 +
(
1
2
√
3
− 12
)
φ3,
νR,3 =
1√
3
φ1 +
(
1
2
√
3
− 12
)
φ2 +
(
1
2 +
1
2
√
3
)
φ3. (18)
Recall that all other fields have been set to zero. The field φ1 corresponds to the D-flat field direction
while φ2 and φ3 are two orthogonal directions. One may verify this by restricting attention to this three-
dimensional subspace and noting that the D-term potential vanishes when φ2 = φ3 = 0 for any value of φ1.
For future reference, we note that
φ1 =
1√
3
(
H0u + νL,3 + νR,3
)
(19)
and the associated quadratic soft mass squared is given by
m2 =
1
3
(m2H0u +m
2
νL,3
+m2νR,3) . (20)
Setting all fields to zero with the exception of φ1, the VD potential vanishes and the Lagrangian becomes
L = − 1(
1− 13 |φ1|2
)2∂µφ1∂µφ1 − VF (φ1)− Vsoft(φ1) , (21)
where
VF (φ1) =
3|φ1|2
(
µ2 + Y 2ν3|φ1|2
)
(3− |φ1|2)2
, Vsoft(φ1) = m
2|φ1|2 . (22)
Here Yν3 is the third-family sneutrino Yukawa coupling and µ is the usual supersymmetric Higgs parame-
ter1.
Since this Lagrangian is symmetric under global U(1) transformations, we choose our inflaton to be
the real φ1 = φ1 field, the potential for the imaginary part of φ1 simply being flat. That is, the inflaton
is a single real-valued field, which (somewhat abusing notation) we continue to denote by φ1. We want to
emphasize that
1 Note that the contribution from the cubic soft SUSY breaking term to Vsoft is negligible.
7• The inflaton is a linear combination of the real parts of H0u, νL,3 and νR,3 and, hence, is composed
of fields already appearing in the B − L MSSM.
In order to to canonically normalize the kinetic energy term, we make a field redefinition to a real scalar ψ
given by
φ1 =
√
3 tanh
(
ψ√
6
)
. (23)
In terms of the new field ψ, Lagrangian (21) now becomes
L = −1
2
∂µψ∂
µψ − VF (ψ)− Vsoft(ψ) (24)
where VF (ψ) is obtained from the first term in (22) using (23) and
Vsoft(ψ) = 3m
2 tanh2
(
ψ√
6
)
. (25)
B. The primordial parameters
For an arbitrary potential function V (ψ), one defines the “slow-roll” parameters to be
 = 12
(
V ′
V
)2
, η =
V ′′
V
. (26)
For there to be an interval of slow-roll inflation, these parameters must satisfy the conditions that , |η|  1.
Assuming this to be the case for some range of ψ, one defines the end of the slow-roll period to be the
smallest value of ψ for which  = 1. This will be denoted by ψend. To satisfy the CMB data, it is necessary
that there be at least 60 e-foldings of inflation preceding ψend. The value of the field which precedes ψend
by exactly 60 e-folds is found by integrating the function 1/
√
2, and will be denoted by ψ∗. The spectral
index ns and the scalar-to-tensor ratio r are then defined to be
ns ' 1 + 2η∗ − 6∗ , r ' 16∗ , (27)
where the label “∗”, here and below, denotes quantities that are evaluated at ψ∗. In addition, the Planck2015
normalization of the CMB fluctuation amplitude requires that the energy scale of inflation satisfies
V
1/4
∗ = 1.88
( r
0.10
)1/4 × 1016 GeV , (28)
where we have restored dimensionful units for clarity.
With this in mind, let us analyze our specific potential V = VF + Vsoft presented above. We begin by
considering Vsoft in (25) alone, momentarily ignoring VF . We find that the requirement of 60 e-folds of
inflation leads to the results that
ψend = 1.21 , ψ∗ = 6.23 . (29)
8It follows that the primordial quantities in (27) satisfy
ns ' 0.967 , r ' 0.00326 , (30)
which are consistent with the Planck2015 bounds [14] . Putting the value of the r parameter into (28), then
implies
V
1/4
∗ = 7.97× 1015 GeV =⇒ m = 1.55× 1013 GeV . (31)
Recalling thatm is typical of the soft mass parameters in theB−LMSSM then requires, within the context
of this analysis, that
• In order to be consistent with the Planck2015 cosmological data, supersymmetry must be broken at
a high scale of O(1013 GeV).
The formalism of the B − L MSSM was extended to allow for an arbitrarily high SUSY breaking scale in
[30]. In addition, note that from (29), ψ must be trans-Planckian at the start of inflation. It is straightforward
to show, however, that the physical fields H0u, ν3,R and ν3,L are all sub-Planckian during the entire infla-
tionary epoch. The potential Vsoft(ψ) has already arisen in other contexts, such as supergravity models of
inflaton chiral multiplets [31–34]. Here, however, the inflaton is a fundamental component field in a theory
of supersymmetric particle physics. Furthermore, note that
• Our Vsoft potential arises entirely from the associated soft supersymmetry breaking quadratic term,
rescaled to canonically normalize the kinetic energy.
Reintroducing the F-term potential given in the first term of (22), we require that it makes at most a
small correction to the above results–that is, it must be suppressed with respect to the soft mass potential2.
In previous analyses [6], we found that the third family sneutrino Yukawa coupling Yν3 is typically very
small, of order 10−12. However, to achieve sufficient suppression of VF , the µ parameter is now forced to
be at least three orders of magnitude smaller than the soft mass scale; that is, µ ∼ 1010 GeV. For specificity,
we choose the value of µ to be close to its highest possible value:
µ = 1.20× 1010 GeV . (32)
It follows that for 60 e-foldings of inflation
ψend ' 1.21 , ψ∗ ' 6.25 (33)
2 We thus avoid the “η-problem” in supergravity models of inflation: that is, unless it is subdominant, the F-term potential would
lead η to be of O(1), violating the slow-roll conditions.
9FIG. 1. The blue line is a plot of Vsoft for the soft mass value m = 1.58× 1013 GeV in Eqn. (35). The orange line is
a graph of VF for the parameters Yν3 ∼ 10−12 and µ = 1.20× 1010 GeV in Eqn. (32).
and, hence, that
ns ' 0.969 , r ' 0.00334 , (34)
again consistent with the Planck2015 data. These values correspond to the parameters
V
1/4
∗ = 8.07× 1015 GeV , m = 1.58× 1013 GeV . (35)
The potential Vsoft(ψ) is plotted as the blue line in Fig. 1 for the parameter m in (35). Similarly, the
F-term potential VF (ψ) is plotted as the dashed orange line in Fig.1 using parameter µ in (32). It follows
from the first term in (22) that VF has a pole for φ1 =
√
3 and, hence, using (23), that this function grows
without bound as ψ → ∞. Note that VF is negligible compared to Vsoft from ψ = 0 all the way up until
ψ ∼ 8, at which point VF increases very rapidly. That is, the F-term potential acts as a natural “cut-off”
for the inflationary potential Vsoft for values of ψ & 8. This gives a supersymmetric realization of the
“Inflation without Selfreproduction” mechanism introduced in [35].
The complete potential in (24), that is, the sum of Vsoft + VF , is plotted in Fig. 2. It will, for suitable
values of couplings Yν3, µ and soft mass m, produce a period of inflation that is consistent with current
cosmological bounds obtained by Planck2015. Furthermore, these values of m,Yν3 and µ can correspond
to low-energy particle physics phenomenology in the B − L MSSM consistent with all known low-energy
data and current LHC bounds on supersymmetry, as we will demonstrate below.
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FIG. 2. The black line is a graph of the potential Vsoft + VF for the parameters m = 1.58× 1013 GeV, Yν3 ∼ 10−12
and µ = 1.20 × 1010 GeV. For these values of the parameters, the vertical red dashed lines mark ψend ' 1.21 and
ψ∗ ' 6.25 respectively.
C. Stability
Within the B − L MSSM, our inflaton field φ1 defines a single direction in a complicated, many-
dimensional field space. For this to be a viable inflationary model, one must demonstrate that, during
the inflationary epoch, this direction is safe from displacements in field directions orthogonal to φ1. That
is, no deviation away from our trajectory forces us to exit slow-roll inflation and continue down another
direction in field space. However, we allow for displacements that lead to an orthogonal field attaining a
VEV, provided this is small compared to the net field displacement of φ1 during inflation–which is of O(1)
in Planck units. This defines our criterion for the stability of the inflationary trajectory.
In order to show that our trajectory meets this criterion, we examine the second derivative matrix of
the scalar potential evaluated at each value of φ1, where the derivatives are with respect to the real and
imaginary components of a given field in the B − L MSSM. For clarity we consider only the contributions
due to the F- and D-term potentials. We first find that the second derivative matrix is block diagonal, with
most of the blocks being four-by-four, involving a right-handed squark or slepton and their corresponding
left-handed partner. Two exceptions arise: a six-by-six block involving the fields φ2, φ3 and H0d , and an
eight-by-eight block involving the fields e3,R, e3,L, H+u and H
−
d . It is clear why the larger blocks arise–any
gauge invariant piece in the Lagrangian that involves the constituent fields of φ1 must involve the fields in
the six-by-six and eight-by-eight blocks.
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All of the up-type squark blocks and the first and second family sneutrino blocks correspond to stable
directions in field space; that is, once diagonalized, they have positive mass-squared eigenvalues. The down-
type squarks and the first and second family selectron blocks each contain a pair of negative eigenvalues,
corresponding to two unstable directions. Diagonalizing and examining these unstable directions, we are
able to conclude that, while the inflaton may initially roll away, the D-term potential provides a sufficiently
large positive contribution that the size of the resulting VEV is always of order 10−5 or less in Planck units.
The eight-by-eight and six-by-six blocks also have positive eigenvalues. However, the fields in the six-by-
six block grow a linear term for any non-zero value of φ1. This results in a set of displacements, which are
again at most order 10−5. We thus conclude that the inflationary trajectory, ignoring roll-offs that are much
smaller than the distance in field space traversed during inflation, is stable.
Finally, we have redone the above computations including the quadratic and cubic soft supersymmetry
breaking terms in addition to the F- and D-term potentials. The result is that the above conclusions are not
changed. That is, the inflationary trajectory, ignoring roll-offs that are much smaller–on the order of 10−5
or less–than the distance traversed by φ1 during inflation, is stable.
III. SEARCH FOR VALID LOW-ENERGY POINTS
In this section, we use the formalism presented in [30] to statistically search the space of initial soft
supersymmetry breaking parameters for those points which a) satisfy the Planck2015 data requirement in
(35) that m = 1.58 × 1013 GeV while b) simultaneously being consistent with all present low energy
phenomenological data–that is, appropriate B − L and EW breaking, all lower bounds on SUSY sparticles
and the experimentally measured lightest neutral Higgs mass of ∼125 GeV. We refer the reader to [30] for
details of this formalism. Suffice it here to say that initial dimensional soft SUSY breaking parameters are
analyzed by randomly scattering them in the interval [m/f, fm], where f = 3.3. The results satisfying both
of these requirements are shown as the “valid” black points in Fig. 3. The above results were calculated
using the central experimental value of 173.21 GeV for the top quark mass [36]. However, for completeness,
we have redone the calculation for values of the top quark mass one, two and three sigma smaller than this
value. We find, in each case, that the number of valid black points sequentially, and substantially, increases.
IV. CONCLUSION
We conclude that, as stated above, there is a robust set of soft SUSY breaking initial conditions for which
theB−LMSSM has an inflationary epoch consistent with the Planck2015 data while simultaneously satis-
12
FIG. 3. A scatter plot showing randomly generated points in the S3R-SBL′ plane. The points come from a set of 10
million randomly generated points, each constrained to be in the interval [m/f, fm], where m = 1.58 × 1013 GeV
and f = 3.3. The 841,952 points that break B − L symmetry are shown in green. The 172,374 points that also break
electroweak symmetry are shown in purple. The 109,444 points that, in addition, satisfy sparticle lower bounds are
shown in cyan. Finally, the 276 points that have all the above properties and are consistent with the observed value of
the lightest neutral Higgs mass are shown in black. The black points are slightly enlarged to make them more visible.
fying all present low energy phenomenological constraints. Inflationary scenarios are well-known to possess
possible generic problems, such as the “initial condition” problem, the so-called “multiverse” problem and
so on. We have made no attempt in this paper to address these generic issues–other than pointing out that
our theory naturally implements the mechanism described in [35]. It is quite possible that, instead of in-
flation, the universe might have gone through a “bounce” from a contracting phase to the present epoch of
expansion–as discussed, for example, in [37–40]. Be that as it may, this paper demonstrates that a reason-
able theory of inflation can occur in a minimal, phenomenologically acceptable N = 1 supersymmetric
theory which is softly broken at a high scale of O(1013 GeV).
We note that previous papers have attempted to use the Higgs scalar alone, both in the non-supersymmetric
[41] and supersymmetric contexts [28, 29, 42, 43] , as well as pure sneutrinos [44–46], as the inflaton. How-
ever, these papers have various difficulties, such as requiring non-standard coupling to gravitation and so
13
on. None of these difficulties occur in the Sneutrino-Higgs inflation discussed in this paper.
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